Gohil K, Brooks GA. Exercise tames the wild side of the Myc network: a hypothesis. Am J Physiol Endocrinol Metab 303: E18 -E30, 2012. First published April 24, 2012; doi:10.1152/ajpendo.00027.2012We propose that the welldocumented therapeutic actions of repeated physical activities over human lifespan are mediated by the rapidly turning over proto-oncogenic Myc (myelocytomatosis) network of transcription factors. This transcription factor network is unique in utilizing promoter and epigenomic (acetylation/deacetylation, methylation/demethylation) mechanisms for controlling genes that include those encoding intermediary metabolism (the primary source of acetyl groups), mitochondrial functions and biogenesis, and coupling their expression with regulation of cell growth and proliferation. We further propose that remote functioning of the network occurs because there are two arms of this network, which consists of driver cells (e.g., working myocytes) that metabolize carbohydrates, fats, proteins, and oxygen and produce redox-modulating metabolites such as H 2O2, NAD ϩ , and lactate. The exercise-induced products represent autocrine, paracrine, or endocrine signals for target recipient cells (e.g., aortic endothelium, hepatocytes, and pancreatic ␤-cells) in which the metabolic signals are coupled with genomic networks and interorgan signaling is activated. And finally, we propose that lactate, the major metabolite released from working muscles and transported into recipient cells, links the two arms of the signaling pathway. Recently discovered contributions of the Myc network in stem cell development and maintenance further suggest that regular physical activity may prevent age-related diseases such as cardiovascular pathologies, cancers, diabetes, and neurological functions through prevention of stem cell dysfunctions and depletion with aging. Hence, regular physical activities may attenuate the various deleterious effects of the Myc network on health, the wild side of the Myc-network, through modulating transcription of genes associated with glucose and energy metabolism and maintain a healthy human status. myelocytomatosis; lactate shuttle; glycolysis; mitochondrial reticulum; mitochondrial biogenesis; mitochondrial dynamics; exertion; health; chronic diseases REGULAR PHYSICAL ACTIVITIES ameliorate or prevent numerous pathologies frequently associated with aging that include cardiovascular dysfunctions (103, 183, 200) , diabetes (2, 17, 178, 201, 214) , dementias (41), depression (86, 195) , and cancers (42, 165). Importantly, physical activity protects against some of these pathologies in a dose-dependent relationship (114, 123, 222) , possibly through targeting the endothelium (173, 208, 212 ) that displays tissue-specific phenotypes (125, 158, 175, 191) . The molecular basis of this dose-dependent, regular, and "remote action" of skeletal muscle activity on functionally distinct organs needs clarification. In skeletal muscles, the initial and driving organ, transcriptional processes are activated by the exercise stimulus, which when repeated over days augments muscle mitochondrial biogenesis (161) but also beneficially affects anatomically distributed cells, tissues, and organs remote from the sites of muscle contraction. The physiological and molecular processes that generate these effects remain to be clarified.
REGULAR PHYSICAL ACTIVITIES ameliorate or prevent numerous pathologies frequently associated with aging that include cardiovascular dysfunctions (103, 183, 200) , diabetes (2, 17, 178, 201, 214) , dementias (41) , depression (86, 195) , and cancers (42, 165) . Importantly, physical activity protects against some of these pathologies in a dose-dependent relationship (114, 123, 222) , possibly through targeting the endothelium (173, 208, 212) that displays tissue-specific phenotypes (125, 158, 175, 191) . The molecular basis of this dose-dependent, regular, and "remote action" of skeletal muscle activity on functionally distinct organs needs clarification. In skeletal muscles, the initial and driving organ, transcriptional processes are activated by the exercise stimulus, which when repeated over days augments muscle mitochondrial biogenesis (161) but also beneficially affects anatomically distributed cells, tissues, and organs remote from the sites of muscle contraction. The physiological and molecular processes that generate these effects remain to be clarified.
Exercise generates large, dynamic, and reproducible changes in metabolites derived from carbohydrate and fat catabolism (34, 64, 130) . Most of these metabolites originate from the glycolytic and mitochondrial pathways that are also the targets of transcriptionally driven adaptive changes to exercise. The possible contribution of dysregulated glycolytic and mitochondrial pathways and their genomic expressions in inactivityrelated pathologies are not fully appreciated (18) . The integration of exercise-induced responses of glycolytic and mitochondrial pathways with cellular phenotypes (regulated growth or proliferations) needs clarification. The stimulating role of exercise on mitochondrial pathways is documented extensively (52, 61, 68, 89, 93) . This effect is reversible with disuse. There is ample evidence that exercise affects the expression of multiple genes simultaneously (7, 17, 80, 91) . Several transcription factors contribute to these changes in gene expression in diverse tissues. These include nuclear respiratory factor 1 (NRF1) (150) , NRF2 (6), 5=-AMP-activated protein kinase (AMPK), peroxisome proliferator-activated receptor-␥ coactivator-1␣ (PGC-1␣) (6, 164) , cyclic AMP response elementbinding protein (CREB), mechanistic target of rapamycin (serine/threonine kinase), mTOR, and others (55, 89, 91, 92, 120, 134, 198) . However, none of those transcription factors adequately accounts for simultaneous, coordinated, and reversible changes in physiological and metabolic effects of exercise. Our hypothesis proposes that the myelocytomatosis (Myc) network of transcription factors may account substantially for the exercise-induced adaptive changes in muscle and, importantly, other vital organs through changes in lactate dynamics. Lactate is posited to be an obligatory metabolite that integrates glycolytic and mitochondrial metabolism (19, 20, (23) (24) (25) (26) , and it is a molecular signaling molecule (19 -21, 25 ) that affects transcription of a large number of genes (84) that include the Myc network driven glycolytic and mitochondrial pathways. We envisage three interacting molecular networks that are modulated by physical activity in which the Myc network is a coupler (transducer) of changes in signaling networks regulated by lactate dynamics on the one hand and changes in gene expression networks on the other hand.
Multiple Transcription Factors are Activated by Lactate
Increased NF-B DNA binding was detected in L6 cells after 10 min and Յ3 h of lactate incubation (84) . As well, lactate incubation increased NF-E2 DNA binding activity, but no changes in binding activities of AP-1 or SP-1 were detected. Hence, redox-sensitive transcription factors (32, 153, 194) , appear to bind to DNA in L6 cells in response to lactate. Our experiments also detected elevated PGC-1␣ mRNA and protein levels in L6 cells after incubation in 20 mM lactate (84) .
As well, lactate incubation increased COx mRNA and other mitochondrial lactate oxidation complex (mLOC) protein levels in L6 cells (data not shown because of space limitations). Collectively, this set of experiments suggests that lactate affects the expression of a network of genes encoding mitochondrial proteins that regulate muscle energy metabolism, as proposed in our primary hypothesis.
The Myc Network is a Sensor on Lactate Dynamics and the Effector of Gene Expression
As shown in Fig. 1 , the Myc network consists of a set of nuclear proteins (Myc, Max, Mlx, and Mad) that interact with each other to form dimers (187, 216) and bind to the 5=-CACGTG-3= E-box sequence in genomic DNA (115) . The E-box is also targeted by NRF1 (145), a transcription factor that regulates mitochondrial biogenesis (65, 163, 184) ; this is noteworthy because it raises the possibility of interactions between the Myc network and NRF1 and -2 proteins and their effects on integrating glycolytic and mitochondrial pathways in response to exercise-induced lactate shuttles. The binding of the Myc network proteins to E-box recruits histone-modifying proteins, causing chromatin modifications and affecting gene transcription (4, 203) . In addition, Myc-Max (Myc-associated X protein) heterodimers also regulate the activity of RNA polymerase II (167, 171) . These distinct modes of interactions contribute to changes in the expression of ϳ2,000 genes, a large fraction of which regulate intermediary metabolism (51, 133, 154, 174) . Three Myc members, c-Myc, neuronal (n)-Myc, and lymphocyte (l)-Myc, have been identified in mammals and appear to be structurally similar and functionally nonredundant (166) . The Myc-Max dimer is required for the 
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The Myc network regulates intermediary metabolism by chromatin modifications and gene transcription Mitochondrial Biogenesis Fig. 1 . The Myc network consists of a set of nuclear proteins (Myc, Max, Mlx, Mad) that interact with each other to form dimers that bind to the 5=-CACGTG-3= E-box sequence in genomic DNA. The E-box is also targeted by nuclear respiratory factor 1 (NRF1), a transcription factor that regulates mitochondrial biogenesis; this is noteworthy because it raises the possibility of interactions between the Myc network and NRF1 and -2 proteins and their effects on integrating glycolytic and mitochondrial pathways in response to exercise-induced lactate shuttles. The binding of the Myc network proteins to E-box sequences recruits histone-modifying proteins, causing chromatin modifications and affecting gene transcription. In addition, Myc-Max (Myc-associated X protein) heterodimers also regulate the activity of RNA polymerase II. These distinct modes of interactions contribute to changes in the expression of ϳ2,000 genes, a large fraction of which regulate intermediary metabolism. Three Myc members, c-Myc, neuronal n-Myc, and lymphocyte l-Myc, have been identified in mammals and appear to be structurally similar and functionally nonredundant. Myc-Max dimer is required for the activation of a large number of mitochondrial and glycolysis genes. Dimerization of Myc with Mad appears to inhibit Myc's actions. Mad also dimerizes with Max, affects chromatin structure, and inhibits gene expression, a mechanism that may enable "fine-tuning" of Myc's actions on glycolysis and mitochondrial gene transcription. In addition, Max-like (Mlx) transcription factor also regulates the expression of a distinct set of genes in energy metabolism.
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activation of a large number of mitochondrial and glycolysis genes (10, 63) . Dimerization of Myc with Mad ( Fig. 2) appears to inhibit Myc's actions (13, 180) . Mad also dimerizes with Max, affects chromatin structure, and inhibits gene expression, a mechanism that may enable "fine-tuning" of Myc's actions on glycolysis and mitochondrial gene transcription. In addition, the Max-like (Mlx) transcription factor also regulates the expression of a distinct set of genes in energy metabolism (16) . Recent studies suggest that a Myc-interacting protein, MondoA, shuttles between mitochondria and nucleus in response to cellular energy demands. Collectively, these observations combined with our description of lactate-induced transcriptome (lactosome; ϳ600 mRNAs) of myocytes (84) offer strong preliminary data for the invocation of the Myc network as a molecular transducer of exercise-induced lactate dynamics. Figure 2 illustrates the major metabolic and molecular pathways that are predicted to operate in at least two different cell types, skeletal muscle myocytes ("driver" cells) and aortic endothelial cells ("target" or "recipient" cells). The latter cells are important because they are the "frontline" cellular targets in cardio-and cerebrovascular diseases (141, 179) . We propose that, during exercise and the postexercise recovery period, exercise-induced increases in lactate metabolism increase the turnover and concentrations of metabolites such as H 2 O 2 , ATP, acetyl-CoA (AcCoA), and NAD ϩ , which in turn will affect the expression of the Myc network via epigenetic (histone methylation/acetylations and DNA methylation) mechanisms and modulations of transcription factor activities. The red components in Fig. 2 Fig. 2, blue) and metabolism by the glycolytic and tricarboxylic acid (TCA) cycle pathways affect the Myc network in the nucleus and modulate its transcriptional activity. The importance of lactate dehydrogenase-A (LDH-A) expression, a Myc network-driven gene (104, 129, 186) , and the terminal enzyme of the glycolytic pathway on mitochondrial functions was underscored in experiments with pancreatic ␤-cells (2). The Myc network also affects the expression of cytochrome c and subunits of cytochrome oxidase (146) . We have shown that LDH and cytochrome oxidase (COx) are components of the mLOC in neurons (83) , cultured myocytes (82) , and skeletal muscle in vivo (85) , and their expression is augmented by lactate (84) . The Myc network may similarly maintain coordinated expression of both glycolytic and mitochondrial pathways in vital organs through increased, exercise-induced lactate metabolism (19, 20, (22) (23) (24) (25) (26) and dynamics (19, 67, 110, 111) .
Interactions Between Signaling Networks Modulated by Lactate Dynamics and the Myc Network
Our hypothesis postulates an important role for a protooncogene network, such as the Myc network, to account for the need for regular exercise stimulus to improve and maintain health of several vital systems in addition to that of skeletal muscles. The Myc network has been studied extensively in cancer cells and may account for the Warburg effect, which fuels the survival and proliferation of cancer cells (46, 47, 49, 50, 77, 185, 215) by activating glycolysis and mitochondrial metabolism. Furthermore, c-Myc also appears to transduce ER-Ca ϩϩ signals (possibly relevant to excitation-contraction coupling in muscle) and affect mitochondrial functions (220) and mitochondrial biogenesis, independent of PGC-1␣, in cardiac muscle (122) . Equally relevant to control of glycemia by exercise is the observation that Myc may also transduce insulin signals (193) .
With relevance to the need for regular exercise for maintenance of "global" health and amelioration of "diseasome of inactivity" (159) , also noteworthy is that c-Myc mRNA, which encodes the "founding member" of the Myc network in mammalian cells, and its encoded protein are expressed ubiquitously at very low levels and are short lived (ϳ20 -30 min) (128) . Exercising muscles profoundly and rapidly change whole body lactate oxidation and dynamics (12, 27, 29, 31, 59, 137, 142, 143, 188 -190) . Therefore, integration of metabolic (lactate) turnover with that of the rapidly turning over Myc network and its large transcriptome (ϳ2,000 mRNAs) in target cells (myocytes or coronary artery endothelium) may offer a molecular basis for the documented association of physical activity and health.
The Dynamic Range of Lactate Signaling in Activation of the Myc Network
The lactate shuttle concept posits three roles of lactate: 1) a fuel energy substrate, 2) a gluconeogenic precursor, and 3) a ϩ , which in turn will affect the expression of the Myc network via epigenetic (histone modification) mechanisms and modulations of transcription factor activities. The red components are hypothesized to be the "output" signals of increased lactate and glucose metabolism during and after the exercise stimulus. The second messengers [H2O2, GSH, NAD(P) ϩ , NAD(P)H, and AcCoA] of lactate entry via monocarboxylate transporter 1 (MCT1; blue) and metabolism by the glycolytic and tricarboxylic acid (TCA) cycle pathways affect the Myc network in the nucleus and modulate its transcriptional activity. Hydrogen peroxide (H2O2) is dismutated by mitochrondrial manganese-catalyzed superoxide dismutase (MnSOD). The importance of lactate dehydrogenase-A expression, a Myc network-driven gene and the terminal enzyme of the glycolytic pathway, on mitochondrial functions was underscored in experiments with pancreatic ␤-cells. The Myc network also affects the expression of cytochrome c and subunits of cytochrome oxidase (COx). We have shown that lactate dehydrogenase (LDH) and COx are components of the mitochondrial lactate oxidation complex in neurons, cultured myocytes, and skeletal muscle in vivo, and their expression is augmented by lactate. Also depicted are roles of glucose 6-phosphate (G6P) from glucose metabolism and putative roles of amino acids (AA) from protein metabolism. The Myc network may similarly maintain coordinated expression of glycolytic/mitochondrial pathways in vital organs through increased, exercise-induced lactate dynamics.
signaling molecule, i.e., a lactormone (19, 25) . As well, other investigators have proposed that other small molecular weight molecules (e.g., IL-6) are released from working muscles that affect anatomically remote tissues and processes (159, 160) . Likely, future efforts will reveal the presence of several myokines in allowing muscle to work as an endocrine organ. For the present, however, the potential roles of IL-6 and lactate can be compared and contrasted.
Nominal arterial lactate concentration is 1 mM and is typically higher in the venous effluent of resting muscle due to ongoing glycolysis (12, 87) . As well, lactate is highly soluble in body water and rapidly transits cell membranes via a family of monocarboxylate transport (i.e., MCT) proteins that are expressed in plasma (28, 30, 61, 85, 196) , mitochondrial (28, 30, 35, 61, 82, 83, 85) , and peroxisome membranes (138) . In contrast, IL-6 exists in nanomolar or picomolar concentrations, is released from muscle by unknown mechanisms, and circulates bound to plasma proteins. During physical exercise, lactate concentration can exceed 10 mM, and the lactate/ pyruvate ratio can exceed 100 during vigorous exercise (87) . Furthermore, it is clear that the concentrations of lactate and pyruvate can change as blood courses through metabolically active tissues, reflecting an interplay between cell metabolism and substrate delivery in the signaling process (101, 102) . Thus, in terms of absolute change, the dynamic range of lactate signaling exceeds that purported for IL-6 by several orders of magnitude.
We hypothesize that the Myc network couples changes in lactate metabolism with that of gene expression (81, 83, 84) . Possible mechanisms include promoter-mediated actions of the Myc network by targeting the E-box (115, 174) and "release of RNA polymerase II pause" (171) to initiate lactate-induced gene expression in myocytes and endothelial cells and the acetylation of histones (and other proteins) through lactatederived AcCoA. Thus, metabolites generated by lactate metabolism modulate chromatin structure via the Myc network.
Current knowledge of intermediary metabolism shows that NAD(P) ϩ /NAD(P)H and GSH/GSSG couples interact and contribute to cellular redox and energy balance. Figure 3 illustrates the major molecular players that are hypothesized to be sensors and effectors of lactate-induced adaptive responses in L6 cells (84) , which recapitulate the major exercise-induced adaptive responses described in rodents and humans. The molecules that form the second messenger signaling network are in blue. Intracellular lactate either generated through glycolysis or transported through MCT1 is the primary "initiator" of this network. Lactate production or removal controlled by lactate dehydrogenase (LDH), affects the NAD ϩ /NADH ratio, which in turn affects GSH/GSSG status. Altered GSH/GSSG will affect the critical thiol regulatory proteins (214) , including sarcoendoplasmic reticulum Ca ϩϩ ATPase (SERCA) (60, 116) , and transcription factors such as CREB, known to have two activity-determining thiols (79) , causing changes in gene transcription. Changes in SERCA activity will affect calcium homeostasis that in turn will affect gene expression through the calcineurin-nuclear factor of activated T cells (NFAT) pathway (43) . Altered Ca ϩϩ status will also affect mitochondrial metabolism (182) , including superoxide production (37), which will be reduced to hydrogen peroxide, another second messenger (69, 172) . Superoxide may also be generated by NADPH oxidases (NOX) (121) , which may be activated by lactate transporting MCT1. Lactate-induced production of H 2 O 2 will also affect the redox status of GSH and protein thiols (69, 214) .
LDH isoforms, occupying both cytosolic and mitochondrial compartments, and mitochondrial pyruvate and oxoglutarate dehydrogenases play major roles in determining the redox states of NAD(P) ϩ . NADPH is also substrate for NADPH oxidases (NOX) that are associated with coronary artery disease (5). NOX participates in signal transduction pathways in human endothelial cells (70, 126, 144, 157, 209) and possibly in cardiac (3, 226) and skeletal myocytes (211) . Silent information regulator type 1 (SIRT1) is implicated in the integration of energy metabolism with gene expression (225) and is subject to redox regulation by S-glutathiolation (223) . Furthermore, changes in GSH/GSSG may affect intracellular Ca ϩϩ by modulating Ca ϩϩ transients between sarcoplasm and sarcoplasmic reticulum (SR) (192) , and Ca ϩϩ may compensate for the lack of NADPH oxidases (124) . Alternatively, it may be that mitochondria generate H 2 O 2 by the recently identified mammalian L-lactate oxidase (53) .
Another mechanism by which lactate may regulate the Myc network is through spatially distinct compartments of protein thiols and thiol-metabolizing proteins that are targets of lactateinduced reactive oxygen species (ROS) metabolism. "Global" analysis studies suggest wide and tissue-specific distribution of redox-sensitive proteins (45) . These include thioredoxins (177), peroxiredoxins, and glutaredoxins (44, 78, 107). Data Fig. 3 . Illustrated are the major molecular players hypothesized to be sensors and effectors of lactate-induced adaptive responses in L6 cells, which recapitulate the major exercise-induced adaptive responses described in rodents and humans. The molecules that form the second messenger signaling network are in blue. Intracellular lactate either generated through glycolysis or transported into cells through monocarboxylate transporter 1 (MCT1) is the primary "initiator" of this network. Lactate affects NAD ϩ /NADH ratio, which in turn will affect GSH/GSSG [i.e, sulfhydryl (HS) and disulfide (S-S)] status. Altered GSH/GSSG will affect the critical thiol regulatory proteins, including sarcoendoplasmic reticulum Ca ϩϩ ATPase (SERCA) and transcription factors such as cAMP responsive binding protein, known to have 2 activity determining thiols, causing changes in gene transcription. Changes in SERCA activity will affect calcium homeostasis that in turn will affect gene expression through the calcineurin-nuclear factor of activated T cells pathway. Altered Ca ϩϩ status will also affect mitochondrial metabolism, including superoxide production, which will be reduced to hydrogen peroxide, another second messenger. Superoxide may also be generated by NADPH oxidases (NOX), which may be activated by lactate transporting MCT1. Lactate-induced production of H2O2 will also affect the redox status of GSH and protein thiols. ROS, reactive oxygen species; mLOC, mitochondrial lactate oxidation complex. mining of our GeneChip experiments (84) shows robust expression of the six-member peroxiredoxin family and low expression of cytosolic and mitochondrial glutaredoxin. Also remarkable is that the expression levels of these thiol families in L6 cells are similar to those in mouse gastrocnemius and cardiac muscles in vivo (Vasu VT, Hobson B, Gohil K, Cross CE, Ott S, Rashidi V, and Oommen S, unpublished data from Refs. 204 and 205) , underscoring the possible relevance of our experiments in L6 cells for whole muscle. Hence, in addition to NADP(H)/NAD(P) ϩ and GSH/GSSG couples, these protein thiols may participate in lactate-induced second messenger networks in muscle.
Mitochondrial Dynamics in Skeletal Muscle and Other Lactate-Sensitive Tissues
We have contributed several major publications (19, 25, 67, (82) (83) (84) (85) 98) , but additional experiments are required to evaluate the causative role of lactate on gene transcription, mitochondrial biogenesis, mitochondrial dynamics (MitoDyn), and mLOC protein turnover through redox-ROSCa ϩϩ homeostasis. The Warburg effect is a physiological response that is "hijacked" by cancer cells to support cell proliferation (170, 210) . Our results suggest that glucoseinduced ROS production detected by others (201, 213, 219) is likely to be mediated by increased lactate production through Warburg effect. Therefore, our experiments suggest that lactate, an obligatory glycolytic intermediate, is a ROS generator in cultured myocytes and possibly other cells, including lactogenic cancers.
Modulation of MitoDyn by Second Messenger Networks
Changes in Mitodyn are important reactive and adaptive processes to changes in cellular metabolic demands (52, 58, 68, 89, 91, 92) , such as those during exercise (38, 75, 127) , or in cells stimulated with lactate (82, 84) . Hence, the expression of MitoDyn proteins appear to be regulated by ROS (220) and PGC-1␣ and -␤ (132, 227, 228), both of which were augmented in our model of L6 cells stimulated with lactate (84) .
Mitochondrial biogenesis occurs via fusion and fission processes. At least 24 proteins have been assigned roles for MitoDyn in yeast, and about 12 appear to have counterparts in mammals (139) . Our unpublished data (mined from Ref. 84 ) also show robust basal expression of two MitoDyn genes, Drp1 and Opa1, and their further induction by lactate. Mfn1 and Mfn2, Opa1, Drp1, and Fis1 are primary manipulators of mitochondrial dynamics. Mitofusins (Mfns) are associated with outer mitochondrial membrane and interact with Opa1 located on the inner mitochondrial membrane. Mfns on adjacent mitochondria interact to cause fusion (39, 217, 218) . The association between mitochondrial biogenesis and dynamics detected in other systems (8, 207 ) is also quantifiable in our experiments with myocytes (67) stimulated with lactate and may be subject to regulation by the Myc network. Although physical association between SR/ER and mitochondria and its possible modulation by ROS and Ca ϩϩ has been suggested (44, 84, 111) , the precise temporal and spatial sequence of events needs to be established. Specifically, the causative link between the lactate-ROS-Ca ϩϩ signaling network and mitochondrial fission-fusion processes (74, 100, 152, 228) remains to be clarified. Ca ϩϩ and ROS modulate mitochondrial fission in cardiac ventricular myocytes (90) and in fibroblasts from patients with complex 1 mutations (113) . Also noteworthy is the report of exercise-induced expression of Mfns in human muscles (38) . Collectively, these observations provide a strong rationale for the proposed contribution of the Myc network in exercise-induced metabolic adaptations. The Myc network affects mitochondrial biogenesis as well as several genes of the glycolytic pathway. Our GeneChip analysis of lactate-stimulated L6 myocytes (84) uncovered activation of LDH-A, LDH-B, MCT1, and several genes encoding the mitochondrial electron transport chain. Furthermore, relevant to our hypothesis is that lactate appears to modulate the expression of some members of the Myc network and Myc network-modulated genes. Interestingly, c-Myc expression is also increased in rat muscle subjected to chronic contractile activity (117) and during recovery from eccentric contractions (136) . Those data are interpreted to indicate a role for the Myc network on lactate-induced activation of mitochondrial biogenesis. Several investigations have underscored the important role of PGC-1␣ (62, 89, 105, 206) and NRF1 and -2 (65, 163, 184) in mitochondrial biogenesis. Therefore, PGC-1␣ and NRFs may also contribute to activation of some of the lactate-induced genes (84) . Several genes encoding the glycolytic enzymes have the canonical E-box in their promoters (109) . The contribution of the Myc network on the expression of the mitochondrial electron transport chain and mitochondrial biogenesis, possibly independent of PGC-1␣, has been described in the cardiac muscle (1, 122) . Bioinformatic network analysis of exercise-sensitive transcriptome of human muscles identified Myc to be a "hot spot" that connects changes in multiple transcripts (106) . Myc was also identified as a important regulator of metabolic networks modulated during muscle atrophy (36) .
Gene Networks Modulated by the Myc Networks
The effects of acute and chronic exercise on lactate dynamics are demonstrated amply in canines (57, 99) , rodents (29, 31, 59) , and humans (12, 137, 188, 189) . However, acute and chronic effects of these changes in lactate dynamics on gene expression in skeletal muscle and other organs need rigorous investigation. The ubiquitous expression of enzymes and proteins of lactate metabolism in the mitochondrial and extramitochondrial compartments suggest that changes in lactate dynamics must affect the activities and expression of these proteins by modulation of genomic, epigenomic, and posttranslational modification mechanisms. We postulate that the Myc network plays an important role in orchestrating changes in gene expression. Figure 4 illustrates some of the known and putative glycolytic and mitochondrial targets of the Myc network that may be modulated by increased lactate metabolism during exercise. Noteworthy are that three members of the glycolytic pathway [hexokinase II (HKII); pyruvate kinase, muscle type 2; and LDH-A] and members of the electron transport chain are regulated by the Myc network. It also shows that some of the effects of Myc on glycolysis are also subject to regulation by hypoxia-inducible factor-1 (HIF-1) (48). The possible contribution of the Myc network in mitochondrial biogenesis is also indicated from several investigations (1, 49, 51, 63, 167) that included studies in cardiac muscle (1, 122) . Less appreciated is the induction of HKII, a rate-controlling enzyme of glycolysis and a Myc network target gene, by exercise (118, 162) and its possible localization to mitochondria after exercise (202) . Hence, the Myc network appears to be unique in eliciting a coordinated transcription of both glycolytic and mitochondrial genes. Collectively, data in the literature and from our unpublished studies are compelling to consider the contribution of the Myc network and lactate on exercise-induced adaptive responses.
Epigenomic Effects of Lactate are Mediated by the Myc Network
The acetylation and methylation states of histones play a major role in the tissue-and stimulus-specific transcriptomic profiles. These changes are modulated by the Myc network. Experimental evidence for a direct link between lactate metabolism and chromatin modulation remains to be obtained.
The Myc network recruits histone-modifying enzymes (4, 108, 135, 151, 203) whose activities are regulated by ATP, NAD ϩ , and AcCoA (33, 56, 76, 119) , the key intermediates in the metabolism of glucose and lactate. Perturbation of GSH/ GSSG status by lactate may also affect histone acetylation states. For example, glutathione depletion in vivo releases histone deacetylase complex from the Myc promoter in liver and activates Myc expression (199) . The Myc network also regulates glucose-responsive genes (224) , and because of obligatory production of lactate in glucose metabolism, it is also likely that the Myc network regulates lactate-induced genes described by us (84) . Furthermore, computational modeling of Myc transcriptome suggests modulation of chromatin organization and structure by the Myc network (40) . Figure 5 (adapted from Ref. 203 ) illustrates a chromatin complex of four nucleosomes interacting with Myc-Max dimmer that are bound to the E-box on genomic DNA. The complex recruits a large histone acetyl transferase complex containing TRRAP (transformation/transcription containing protein), GCN5 (general control of amino acid synthesis), and TIP60 (Tat-interacting protein-60). These interactions activate the transfer of acetyl groups (A) from metabolically generated AcCoA (Fig.  2) to lysines of histone NH 2 termini (14, 149) . Interestingly, Max, the regulator of Myc's transcriptional activity, is also target of acetylation by p300, a histone acetyl transferase (66) . Max network modulates the Myc gene network (97) . Our hypothesis predicts causal and reversible lactate-dependent histone modifications that may account for distinct gene expression modules in myocytes and endothelial cells.
When recruited by Myc-Max dimer (Fig. 5) , the TRRAP-GCN5-TIP60 complex acetylates H4 and affects gene expression (131) . Therefore, our model predicts that acetylation of H3 and H4 is the central mechanism by which lactate regulates the Myc gene network. However, additional mechanisms, possibly affected by lactate dynamics, are likely to operate because Myc participates in global histone acetylations and methylations that affect chromatin and nuclear organization (112) and myocyte differentiation (181) .
Recent studies in cell culture systems have shown that 13 C derived from glucose metabolism is detected in acetyl groups in histones (149) . This approach has been successful in tracing glucose-derived acetyl groups to histone acetyl lysines at the NH 2 -terminal tail of histone H4 in Myc Ϫ/Ϫ and Myc ϩ/ϩ Rat1A fibroblasts (149) . Therefore, testing our model of histone acetylation by lactate produced during exercise will require comparisons of histone acetylation by [ 13 C]glucose and [ 13 C]lactate.
Collectively, the above description of the Myc network and modulation of its activity by key intermediates of metabolism such as lactate, GSH, ATP, and AcCoA suggest that the effects of exercise must affect the activity of the Myc network. With relevance to the need for regular exercise for maintenance of "global" health and amelioration of "diseasome of inactivity" (159), also noteworthy is that c-Myc mRNA, which encodes the "founding member" of the Myc network in mammalian cells, and its encoded protein are ubiquitously expressed at very low levels and are short-lived (ϳ20 -30 min) (128) . Exercising muscles profoundly and rapidly change whole body lactate oxidation and dynamics (12, 27, 29, 31, 59, 137, 142, 143, 188 -190) . Therefore, integration of metabolic (lactate) turnover with that of the rapidly turning over Myc network and its large transcriptome (ϳ2,000 mRNAs) in target cells (myocytes or coronary artery endothelium) may offer a molecular basis for the documented association of physical activity and health.
The Myc Network Plays an Important Role in Integrating Metabolic Signals of Exercise with Genome-Wide Transcriptional Responses
A search of the literature on gene networks that regulate glycolytic and mitochondrial metabolism reveals ample evidence for the contribution of the Myc network in the modulation of these genes (15, 54, 96, 147, 148) . All of those studies are remarkable because they employed a "discovery-driven" analytical approach of high-density microarrays to obtain genome-wide responses of cells. We employed a similar technique to identify lactate-sensitive genes in myocytes (84) . The data from our study were subjected to functional classification using the Database for Annotation, Visualization, and Integrated Discovery (94, 95) . Figure 6 shows our unpublished data (from Ref. 84) of the classes of genes in myocytes incubated with lactate and known to be modulated by the Myc network, as described by Dang et al. (51) . There is considerable overlap between the two data sets from very different sources. Hence, we hypothesize a significant contribution of the Myc network in lactate-induced transcriptome of myocytes. To further support our hypothesis, we searched for "bona fide" Myc-regulated genes (instead of classes) in our data of lactateinduced myocyte transcriptome. Figure 7 shows the results. We were encouraged to detect several Myc-regulated genes, such as LDH2 (129) and PFK(m) (155) , to be sensitive to lactate. Consequently, we also searched for "Myc connection" in the recently identified panel of 29 genes in quadriceps biopsies that correlate with V O 2max in response to training in humans (197) . Several of the genes in this list appear to have the Myc connection, suggesting a role for the Myc network in exerciseinduced adaptations of human skeletal muscle.
Generality of Findings
We have hypothesized the presence of a vast signaling network that possesses two arms consisting of driver cells that produce and release lactate that targets recipient cells in which the Myc network becomes activated. So far, in describing the signaling role of lactate we have used examples of the effects of lactate shuttling from working muscles on vascular functions and pathologies. However, the phenomenon of lactate signaling via conductance through the vasculature may be more general and not limited exclusively to the vascular effects emphasized for purposes of illustration. For example, above we noted that perturbation of hepatic GSH/GSSG status by lactate may also affect histone acetylation status and release the histone deacetylase complex from the Myc promoter, an effect that activates Myc expression (199) . Additionally, we noted that the Myc network also regulates glucose-responsive genes (224) and that overexpression of LDH-A compromises the functioning of pancreatic ␤-cells (2). Indeed, others have also observed acute effects of exercise on the expression of metabolic genes and insulin receptor substrates. For example, in C57BL/6 mice, one bout of exercise increased the transcription of PGC-1␣ as well as hepatic glucose-6-phosphatase and phosphoenolpyruvate carboxykinase, among other gluconeogenic enzymes (88) . Similarly, one bout of exercise increased the protein levels of phosphoenolpyruvate and glucose-6-phosphatase as well as PGC-1␣ and forkhead box O1 (FOXO1) in Wistar rats. Interestingly, one bout of exercise moderated the overly high levels of gluconeogenic enzymes in rats with diet-induced diabetes (178) . To explain the remote effect of exercise on inducing alteration in hepatic metabolic gene and corresponding enzyme protein expression, Hoene et al. (88) speculated on the identity of an exercise factor that when released from working skeletal muscle affected liver function. They considered but excluded a role for IL-6 and mentioned potential roles of circulating nitric oxide (NO), ATP, catecholamines, and the insulin/glucagon ratio. No evidence or potential mechanisms were advanced, and a role of circulating lactate was not considered. However, it is clear that lactate is the main gluconeogenic precursor in humans (140) , that gluconeogenesis increases during acute exercise, and that exercise training increases the capacity for gluconeogenesis from lactate during exercise (11) . Supporting the hypothesis that there exists a vast lactate signalosome in which lactate released from driver cells provides the vehicle to reach and influence recipient cells and activate gene networks are the few cases in which the potential for a regulatory role of lactate is blocked by the exclusion of lactate from entry into recipient cells. The most prominent example of the preservation of cell functioning by the exclusion of lactate entry into cells is the silencing of MCT1 gene expression and the absence of MCT1 protein in the plasma membrane in pancreatic ␤-cells (9, 168, 169) . If, as proposed, glucose sensing in pancreatic islets depends on glycolysis and its effect on cytosolic redox status and functioning of the malate-aspartate shuttle (9), then glucose signaling of insulin secretion would be upset by entry of lactate into pancreatic ␤-cells. In this regard, strong evidence has been presented to explain the roles of two microRNAs (miR-29a and miR29b) in silencing the expression of MCT1 in pancreatic ␤-cells (168) .
Summary
Information on the energy demands of active muscle, including the activities of glycolytic and mitochondrial metabolic pathways, is transmitted to the vital organs by lactate shuttles. The structure and functioning of lactate shuttles under diverse conditions in vivo are well documented. Lactate shuttles explain not only the organization and regulation of carbohydrate metabolism but also how glycolytic flux progressing to lactate affects the integration of carbohydrate and lipid metabolism. We have demonstrated the preferential use of lactate as a fuel energy source and gluconeogenic precursor in rodents (27, 29, 59 ) and humans (11, 12, 71, 72, 137, 142, 143) . As well, in humans we have shown how, by competing for entry into the mitochondrial reticulum within working muscle cells but also by downregulating fatty acid release for adipose, carbohydrate metabolism becomes the predominant fuel energy source during hard exercise. Now we propose a unifying molecular mechanism that responds to lactate shuttles and accounts for the well-established protective role of regular exercise against age-related pathologies such as coronary artery disease. Our research concept postulates that muscle cells are "driver cells" that release lactate during exercise and affect a global activation of the Myc gene network in diverse tissues, thereby attenuating age-related, deleterious effects on arterial endothelial and other cells, the "target" or "recipient" cells. The "cross-talk" between these two distinct cell types is regulated by lactate because plasma lactate can range from 0.5 to 20 mM in vivo and because lactate rapidly exits and gains entry into many tissues via MCTs. Lactate affects both glycolysis and mitochondrial metabolism directly and indirectly. Many of the adaptive responses are regulated by the transcription of large numbers of genes, not all of which are regulated by PGC-1␣ or AMPK. Many of the affected genes are instead regulated by the Myc network, which affects the expression of ϳ2,000 genes (49, 51) . Until recently, the Myc network has been associated with carcinogenic processes and other pathologies, which are the "wild sides" of the Myc network. More recent studies that utilize genome-wide analysis of Myc functions have uncovered novel properties of the Myc network. The Myc network of transcription factors is unique among transcription factors in modulating a large number of genes that regulate intermediary metabolism and cell proliferation. Our central hypothesis is that exercise-induced lactate shuttles are "sensed" by the Myc network located in the nuclei though redox mechanisms affected by exercise-induced intracellular shuttles. This result is the expression of the Myc network-driven gene modules that prevent aberrant cell proliferation and maintain metabolism of cells such as in endothelial cells of the coronary artery. We also note with interest that the Myc network also regulates stem cell homeostasis (156, 176, 221) . Of particular interest are myogenic factors such as MyoD1, myogenin, myf, and MRF-4, which are related to the superfamily of Myc-related proteins (73) . Rapid metabolic turnover of this set of transcription factors endows them with unique properties for responding to changes in the flux of glycolytic and mitochondrial pathways. Hence, if our hypothesis is valid, it may also offer a molecular pathway that is sensitive to physical activity and is associated with maintenance of normal cell functions and populations through the life span. Therefore, we propose possible and testable molecular pathways in driver and responder cells that "tame the wild side" of the Myc network through regular physical activity. 
